The immunoreactivity of a panel of polyclonal antibodies and monoclonal antibodies (MAbs) raised against African isolates ofpotyviruses from cowpea and African yam bean was examined in ELISAs. A serological study including reference isolates followed by further characterization in differential hosts resulted in separation of the potyviruses into two distinct serogroups, one containing blackeye cowpea mosaic virus (B1CMV) and the other containing cowpea aphid-borne mosaic virus (CAMV). Using biotin-labelled MAbs, the BICMV isolates were further subdivided into two serotypes and the CAMV isolates into five serotypes. Because both B1CMV and CAMV induce a very similar mosaic disease in cowpea, different ELISA procedures using mixed MAbs were evaluated and a single protocol was developed which allowed reliable diagnosis of both viruses.
Introduction
Cowpea aphid-borne mosaic virus (CAMV) and blackeye cowpea mosaic virus (B1CMV), members of the potyvirus family, are economically significant pathogens in Africa (Bock, 1973; Rossel & Thottappilly, 1985) and in Asia (Mali & Kulthe, 1980; Iwaki et al., 1975) . These viruses have also been reported in the U.S.A. (Lima et al., 1979) , Brazil (Pio-Ribeiro & Kuhn, 1980) , Europe (Lovisolo & Conti, 1966; Bos, 1970) and Australia (Behncken & Maleevsky, 1977) .
These viruses have very similar physical properties and they show a similar geographical distribution. They produce similar symptoms in their plant host range; certain selected cultivars of Vigna unguiculata or Phaseolus vulgaris allow the distinction of CAMV and B1CMV Mink, personal communication) . They are both transmissible in a nonpersistent manner by several aphid species (Bock, 1973; Zettler et al., 1967; Atiri et al., 1986) ; in addition, both are seed-transmitted (Bock, 1973; Zettler & Evans, 1972) .
The identification and characterization of isolates as either CAMV or B1CMV is controversial Purcifull & Gonsalves, 1985; Dijkstra et al., 1987) . The issue has been further complicated by a misidentification of some isolates in the past. The existence of a serological relationship between the two viruses is still under discussion (Provvidenti et al., 1983; Mink, personal communication) . Furthermore, there is no general diagnostic test for these viruses.
In an attempt to characterize and differentiate CAMV and CAMV-like potyviruses from Nigeria [originating from farmers' fields and a germplasm collection, International Institute of Tropical Agriculture (IITA), Ibadan, Nigeria], a panel of polyclonal (Ab R) and monoclonal antibodies (MAbs) was raised against several Nigerian isolates. In this paper, we report the production of these MAbs and describe their use for differentiating two major serogroups (CAMV and B1CMV) and seven serotypes, by ELISA. We also describe a diagnostic ELISA suitable for detecting the viruses of the seven serotypes in infected cowpea plants.
Methods
Viruses. Thirteen isolates from infected cowpea and one isolate from African yam bean (Sphenostylis stenocarpa) were studied. Isolates 81.11, IT. 16, Onne and 70.12 were from the IITA's cowpea breeding field experiments at its main station at Ibadan. Isolates Nkechi's and Fekan were seed-borne from infected plants grown in farmers' fields in northern Cameroon. Isolates Kano 3, Kano 3.90, Kano 5, Kano 7, Monguno and Baga were samples collected from farmers' cowpea fields in northern Nigeria. The African yam bean isolate AYB was collected in southern Nigeria by Dr E. C. K. Igwegbe (University of Nigeria, Nsukka, Nigeria). Maputo is a cowpea isolate from Mozambique. For comparison, the Moroccan isolate of CAMV, CAMV-Mo (Fischer & Lockhart, 1976; Lima et al., 1979) was provided by Dr R. O. Hampton (Oregon State University, Corvallis, Ore., U.S.A.), and the B1CMV V-346 Florida isolate was provided by Dr D. E. Purcifull (University of Florida, Gainesville, Fla., U.S.A.). All isolates were mechanically transmitted to V. unguiculata ssp. sesquipedalis. Electron microscopy of infected plants revealed, for each isolate, the presence of long flexuous filaments typical of the potyvirus family. The viruses were purified by the method of Lima et al. (1979) with the following modifications: 0.01 M-EDTA was used in the grinding buffer, the butanol clarification was performed with a final concentration of 7 % (v/v) for 1 h at 4 °C; and the resuspension buffer did not contain 2-mercaptoethanol.
For serological comparisons between isolates, crude extracts from infected plants were used. The leaf material was ground in phosphatebuffered saline containing 0.05 % Tween 20, pH 7.4 (PBS-T), using a ratio of 1 g leaves/25 ml buffer.
Polyclonal antibodies. Rabbits received a series of injections of 500 lal purified virus (1 mg/ml) emulsified in incomplete Freund's adjuvant at 2 weekly intervals. The rabbits were bled 2 weeks after the third injection. Ab ~ were prepared against seven of the African isolates: 81.11 (Ab a HI), IT. 16 (Ab ~ H3), Monguno (Ab R H4), Fekan (Ab R H8), 70.12 (Ab ~ H9), Baga (Ab r* H10), and Nkechi's (Ab R Hll). Two additional antisera raised against the CAMV-Mo isolate (Ab R Mo) and against a B1CMV-Florida isolate (Ab ~ F1) were supplied by Dr D. Gonsalves (Cornell University, Ithaca, N.Y., U.S.A.) and Dr D. E. Purcifull, respectively.
Hybridoma production. Each of three 6-week-old BALB/c mice were immunized, by two intraperitoneal injections with a mixture of two virus isolates (25 lag of each) emulsified with an equal volume of incomplete Frennd's adjuvant, at 10-day intervals. One month after the last injection, the mouse giving the highest specific antibody response in an indirect double sandwich ELISA was given an intraperitoneal (i.p.) injection of 25 gg of each virus isolate in saline. Three days after the i.p. injection, the spleen was excised and used for the cell fusion.
The fusion experiment was performed as described by Kannangara et at. (1989) . MAbs were obtained in large amounts from ascitic fluids taken from pristane-primed BALB/c mice which had been injected with 0.5 x 107 hybridoma cells.
Immunoassay used for screening hybridomas. Hybridoma culture supernatants were screened for the presence of specific antibodies to each or both of the two virus isolates used for immunization by a double antibody sandwich ELISA using crude extracts from infected plants. The microtitre plates (Linbro/Titertek 7(~3814)4) were coated for 2 h at 37 °C with 1 to 5 gg/ml of the appropriate rabbit immunoglobulin diluted in 0.05 M-carbonate buffer pH 9.6. After a 30 min incubation with 1% BSA at 37 °C, the plates were incubated for 2 h with extracts from infected plants. After washing with PBS-T, the plates were incubated with hybridoma culture supernatants, followed by alkaline phosphatase-labelled goat anti-mouse globulins (diluted 1/3000; Sigma).The enzyme conjugate was detected by addition of the substrate, p-nitrophenylphosphate (lmg/ml; Sigma), in 0"1M-diethanolamine buffer pH 9-8 at 37 °C. A Titertek Multiskan photometer (Flow Laboratories) was used to measure the A405. A values were considered positive if they exceeded the negative control by a factor of two. A buffer control without antigen was included for each microtitre plate as well as a negative control with fresh culture medium and a positive control with serum of the mouse used for the fusion. Isotyping of MAbs was done by ELISA using a hybridoma subisotyping kit (Calbiochem 386445).
Biotinylation of MAbs and preparation of enzyme-labelled streptavidin.
For biotinylation of MAbs, N-hydroxysuccimidobiotin (E. Y. Laboratories) was diluted to 5 mg/ml in 0'01 M-NaHCO 3 and added to ascitic fluids (diluted 1/10 v/v in 0.01 M-NaHCO3) at a 1/25 (v/v) ratio. The mixture was incubated for 4 h at 25 °C and the reaction was stopped by addition of 1 M-NH4C1 (1/50 v/v).
Conjugated streptavidin was obtained by mixing streptavidin (1 mg in PBS) with 100 gl alkaline phosphatase (10mg/ml; BoehringerMannheim); the mixture was dialysed for 5 h at room temperature against PBS containing 0.06 % (v/v) glutaraldehyde, and subsequently against several changes of PBS. The working dilution of conjugate was chosen to obtain an A of 1.0 after 1 h of substrate incubation in a standard ELISA. Immunoassays used for serotyping isolates and for diagnosis. Different ELISA procedures using Ab R and MAbs (Table 1) were evaluated for their capacity to react with viruses in crude sap from infected plants. The assays were performed as described above. The biotinylated antibodies were incubated overnight at 4 °C. The streptavidi~alkaline phosphatase conjugate was used at a dilution of 1/1000 and the antimouse globulin conjugate at a dilution of 1/3000 (according to the manufacturer's conditions). A negative control with sap from healthy cowpea was included for each microtitre plate, and A values obtained with this control were always between 0.02 and 0.10.
Host range. 
Results
Rabbit polyclonal antibodies were prepared against seven of the African isolates. For each Ab E , the working dilutions of IgG used as coating antibody, detecting antibody, or as labelled antibody in the different ELISA procedures (Table 1) , were chosen such that an A of 1.0 was obtained after a 1 h incubation with substrate when tested with their respective homologous antigen. Working dilutions varied from 0.5 to 5pg/ml. ELISA procedure 1 (Table 1) using the same Ab E for coating and detection was selected to compare the 16 virus isolates (Fig. 1) . Eight isolates showed a serological homogeneity and were labelled serogroup I. The isolates of this group were all detected by the Ab E H1, H3 and F1 (B1CMV-Fl-specific), suggesting a relationship with B1CMV. The eight other isolates, referred to as serogroup II, appeared to exhibit a higher serological variability, preventing general recognition by any of the nine tested antisera. However, five isolates of this group were detected by the Ab ~ Mo (CAMV-Mo-specific), suggesting a relationship to CAMV. The Maputo isolate could not be detected with this type of ELISA using the present panel of polyclonal antibodies.
Fifty MAbs were obtained from eight fusion experiments. The MAbs were biotinylated for use in ELISA (Table 1) were chosen as described for the polyclonal antibodies. Of the five ELISA procedures using MAbs (procedures 2, 3, 4, 5 and 6; Table 1), procedure 5 was the most appropriate in revealing serological differences between isolates. Because this test requires a MAb on each side of the antigen (one as a coating antibody and one as a detecting antibody), two levels of high specificity in the detection of the virus are introduced (Dekker et al., 1987; Huguenot et al., 1989) . Based on preliminary screening, 350 combinations of MAbs were selected for comparison with the 16 isolates using ELISA procedure 5. The MAb combinations that displayed the highest reactivity together with the highest specificity towards an isolate or a group of isolates were selected. MAbs were serogroup-specific; none recognized isolates of the other serogroup. Testing of the 16 isolates by the ELISA procedure 5 was repeated using the six selected MAb combinations (Fig. 2) ; the reactivity observed was reproducible.
If this approach using MAbs confirms the separation of the isolates into two major serogroups, as is suggested by the Ab g study (Fig. 1) , it also allows the distinction of Among the isolates of serogroup II, specifically detected by the MAb combination 5H5-5H5, five different serotypes were found. Serotype C (Monguno, Baga) is specifically detected by the combination 1F5-1F5. Serotype D (Fekan, Nkechi's, Kano 5) is detected together with E (70.12) by the combination 5H5-7D9. Serotype E is specifically detected by the combination 12F9-6C10. Serotypes F (CAMV-Mo) and G (Maputo) are not differentiated by the MAb approach; they are both detected by the combination 5H5-5H5 but serotype G is not recognized by any of the Ab R (Fig. 1) and serotype F is recognized by Ab ~ H9.
Separation of serogroup II into five serotypes corroborates the previous observation (Fig. 1) that these isolates constitute a very heterogeneous group. The different serotypes C, D, E, F, G, characterized by the use of MAb combinations in ELISA 5 (Fig. 2) , could also be recognized by the Ab ~ approach (Fig. 1 ). Serotype C (Monguno and Baga) is detected together with D (Fekan, Nkechi's and Kano 5) by Ab R H4, H8, H9 and H10; serotype D is detected specifically by Ab R H11; serotype E (70.12) and serotype F (CAMV-Mo) are recognized specifically by Ab ~ H9 and Mo; and serotype G (Maputo) was not recognized by any of the Ab R.
The most important result of the MAb approach (Fig.  2) was the specific detection of serogroup I by the combination 15E6-10G5, and the specific detection of serogroup II by the combination 5H5-5H5. Because these two pairs are the key to a general diagnostic test, a new ELISA using a mixture of MAbs (I 5E6 and 5H5 for coating; 10G5 and 5H5 for detection) was performed. The highest reactivity was found when each MAb was used at its usual working dilution in the mixture (coating or conjugate). However, serotype E always showed a lower reactivity. In order to get a better reading in a diagnostic test, MAb 6C10 (serotype E-specific) was added for detection in the MAb conjugate mixture. In this test all 16 isolates are readily detected. The test is reproducible but not when precoated plates are used. Modifications of this procedure, made in an attempt to shorten the test, were unsuccessful.
To substantiate the distinction of the two serogroups, and to label our isolates with certainty, they were inoculated into a panel of differential cowpea hosts. B1CMV and CAMV could be distinguished in V. unguiculata TVu 1582 and TVu 401 or TVu 2657 and TVu 3433, respectively Dijkstra et aI., 1987) . These cowpea cultivars were inoculated with the 16 isolates ( Table 2) . Cowpea TVu 1582, which is susceptible to B1CMV but not to CAMV, was systemically infected by all the isolates from serogroup I but not by those from serogroup II. Cowpea TVu 401, which is also B1CMV-susceptible, was systemically infected by two isolates from serogroup I (B1CMV). Cowpea TVu 2657, which is susceptible to CAMV only, was systemically infected by all the isolates from serogroup II but not by those from serogroup I. Cowpea 3433, which has the same specificity, could only be infected by four of the eight CAMV isolates. The results obtained with cultivars TVu 1582 (B1CMV-specific) and TVu 2657 (CAMV-specific) confirm the segregation of the 16 isolates into two distinct groups, serogroup I corresponding to B1CMV and serogroup II corresponding to CAMV.
Discussion
The two approaches, using Ab • or MAbs, described in this report differentiated clearly two major serogroups. In order to label our isolates as either CAMV or B1CMV with confidence, two reference virus isolates (CAMV-Mo and B1CMV-F1) and two reference polyclonal antibodies (Ab R Mo and Ab ~ F1) were included in this serological study. Since the type culture of CAMV (Lovisolo & Conti, 1966) has been lost, the Moroccan isolate has been used as the reference culture by most investigators. CAMV-Mo and B1CMV-F1 have been compared in previous studies. Pio-Ribeiro & Kuhn (1980) found them equally efficient in interacting with cucumber mosaic virus to cause cowpea stunt disease. demonstrated that CAMV-Mo and B1CMV-F1 have different experimental host ranges. In their description of B1CMV, Purcifull & Gonsalves (1985) mentioned that some isolates previously assigned to CAMV appear to be strains of B1CMV, but that the Moroccan isolate must be regarded as a separate potyvirus. Dijkstra et al. (1987) after a comparison of the physical and serological properties of the two isolates, found them to be isolates of' one and the same virus' (B1CMV) and suggested that the name CAMV be discontinued in favour of B1CMV. In this study, with both approaches (Ab R and MAb), CAMV-Mo and B1CMV-F1 were assigned to two different serogroups. B1CMV-F1 belongs to serogroup I and Ab ~ F1 (Fig. 1) is specific for serogroup I, suggesting that the group should be regarded as B1CMV. CAMVMo belongs to serogroup II, and the reactivity of Ab R Mo towards our panel of isolates ( Fig. 1 ) was directed to five isolates of serogroup II, suggesting that the group should be regarded as CAMV. The host range study corroborated perfectly the serological study by separating the 16 tested isolates into two distinct groups corresponding to B1CMV and CAMV.
These results demonstrate that both viruses are present in Africa and, more specifically, that they can both be found in the same location. For instance, isolates Kano 3 and Kano 5, which were both collected in Kano (Nigeria), have been identified as B1CMV and CAMV respectively (Fig. 1) . Since CAMV and B1CMV are found to infect cowpea in the same geographical area, are both seed-transmissible, and are capable of infecting the same cowpea cultivars (V. unguiculata ssp. sesquipedalis, V. unguiculata cv. Ife Brown), we can predict that mixed infections are likely to occur, thus partially explaining the controversy presently surrounding the serological relationship between B1CMV and CAMV. Depending on the isolates tested, the two viruses have been reported to be serologically closely related (Lima et al., 1979; Dijkstra et al., 1987) , serologically distant (Purcifull & Gonsalves, 1985) or unrelated . The mislabelling of certain isolates is probably responsible in part for these inconsistent reports; however, the existence of mixed B1CMV-CAMV isolates would also explain such divergent results.
The MAb approach used in this study demonstrates that B1CMV and CAMV are serologically unrelated, as none of the 50 MAbs tested was able to detect any member from serogroup I (B1CMV) together with any member from serogroup II (CAMV). By immunizing each mouse with a mixture of two purified isolates, the immune response towards an epitope common to both viruses is theoretically enhanced, thus favouring the production of MAbs showing an equal reactivity towards the two viruses. For instance, one of the fusion experiments was performed with a mouse immunized simultaneously with the Onne (B1CMV) and Monguno (CAMV) isolates. However, the resulting MAbs were either B1CMV-specific or CAMV-specific. Furthermore, if a common epitope should exist in the coat protein of CAMV and B1CMV, polyclonal antibodies would be more appropriate for the detection of both viruses. The Ab R tested here (Fig. 1) , raised against nine different isolates, were able to detect one or several isolates of the homologous virus (CAMV or B1CMV) but not the other. The very low reactivity towards the heterologous virus observed for Ab E H10 and Ab E H4 (A infected plant/A healthy plant = 2) is reported in Fig. 1 for comparison but does not seem to be specific and was not always reproducible. On the contrary, the reactivity of these two Ab ~ towards the homologous virus (A infected plant/A healthy plant = 10) is consistent.
These results clearly demonstrate that CAMV and B1CMV are two distinct members of the potyvirus family, and corroborate the fact that they were found to have two independent resistance genes and that they do not cross-protect Provvidenti et al., 1983) . Thus the panel of MAbs produced in this laboratory can be used to differentiate between CAMV and B1CMV, and to differentiate serotypes among isolates of the two viruses. The list of CAMV serotypes reported here is certainly not an exhaustive one. Among eight tested CAMV isolates, five serotypes could be differentiated indicating a very high variability of epitopes. The proposed serotypes may reflect only part of the existing serodiversity. For instance, the results do not exclude additional diversity within serotype C. In the Ab ~ approach, isolates Monguno and Baga (serotype C) showed a difference in reactivity towards Ab E H10.
However, CAMV and B1CMV both induce similar diseases in cowpea. The proposed general diagnostic test, ELISA procedure 5, has been designed to detect both viruses regardless of serotype. The high reactivity of the MAbs, their ability to detect viruses in crude plant extracts, the reproducibility of the diagnostic test and the ability to detect African isolates of different geographical origins make this test a powerful tool for the identification of B1CMV and CAMV.
